Abstract. At the present time in the research of particulate materials, computer methods that work independently with individual particles are coming to the forefront. One such method is the Discrete Element Method -DEM, which is already widely used. Its usage, however, is complex, mostly due to the input data -what the properties of the researched material are, plus their interaction in processes. And despite the progress, it is still always necessary to validate the experimental equipment and to verify the individual simulations by an experimental measuring or by theoretical knowledge. This study focuses on the verification of the simulation of the mixing of a particulate material with the help of the DEM method, whereby simulations are compared with an experimental measurement and theoretic calculations. The theoretical calculation was carried out by the Novosad model, while the experimental material was granulated polyethylene with strictly defined mechanical-physical properties.
Introduction
Mixing of a particulate material is a very old process, but nonetheless relatively little studied. Research in this area is progressing quite slowly. Studies dealing with the effects of the forces acting during the process of mixing appear only sporadically and the majority of them focuses on the kinetics of mixing and computer simulations without any verification by experiments [1, 2] .
Among the pioneers in the field of mixing belong D. Bagster and J. Bridgwater [3] [4] [5] , who undertook measuring of the forces acting on a flat mixing element. In their first experiments, they used a static blade and the chamber performed a straight-line motion. They later designed a new mixing apparatus with a static glassed chamber in the shape of a prism. The blade moved in a reciprocating motion in a horizontal direction in the material while the station, equipped with measuring elements, recorded forces in both the horizontal and the vertical directions.
The results of these researches pointed to a dependence of the measured forces on the properties of the particulate material, specifically the bulk density, material particle density, internal friction angle, wall friction angle, material porosity and blade geometry. This dependence was formulated into the relation
where H is the horizontal force acting on the blade, ρ the particle density of the material, the porosity of the material, g the gravitational acceleration, L the blade length, B the blade height, z the immersion of the blade in the mixed material, v the blade speed, ϕ i the internal friction angle, ϕ the wall friction angle between particulate material and blade material. Their experiments showed that the size of the horizontal force is not dependent on the porosity of the material or blade speed. The authors also found out that the value of the angle of the force from the horizontal, by which the blade acts on the mixed material, is approximately the same as the value of the wall friction angle of the particulate material and the blade material.
In his work, J. Novosad [6, 7] carried out an in experimental monitoring of a course of mixing of several kinds of bulk solids with a blade mixer. In his experiments, he used glass cylindrical chambers in a vertical arrangement. His contribution was mainly the usage of mechanical properties of mixed particulate materials in relation to the calculation of mutually strong effects of mixed particulate materials and the mixing element. He found out that the most important variable characterizing particulate materials was the role of the internal and wall friction and bulk density.
K. Kravárik [8] worked on the explanation of the force effects of particulate materials on a flat blade going through the layer of its batch and also on methods of the calculation of the forces acting on a flat blade of rectangular shape moving at a constant speed in a horizontal direction.
The investigated materials included granulated fertilizer, granulated polyethylene and sand. As the parameters according to which he monitored the dependence of the amount of force acting on the blade, he used the internal friction angle, the wall friction vol.
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The Use of DEM Simulation angle of the blade material, the bulk density, the height and length of the blade, the depth of the blade immersion in the material and the blade speed. For a theoretical clarification of the formation of the shear zone in a particulate material before the blade, he compared various calculation models and, in experimental conditions, studied the shape of the shear zone before the advancing blade from the Novosad model and formulated a dimensionless, critical dependence to calculate the force acting on the blade:
where H is the horizontal force acting on the blade, ρ S the bulk density of the particulate material, g the gravitational acceleration, L the blade length, B the blade height, z the immersion of the blade in the mixed material, v the blade speed, ϕ i the internal friction angle, ϕ the wall friction angle between the particulate material and blade material, k 1 , k 2 , k 3 , k 4 the coefficients of critical dependencies for the calculation of the dimensionless force.
On the basis of the results achieved, the author concluded that the dimensionless force significantly depends on the dimensionless immersion of the blade. The effect of the material's internal friction angle is relatively significant and the effect of the dimensionless speed of the blade in the given extent has a serious effect on the size of the dimensionless horizontal force. The influence of the wall friction angle was eliminated by creating a static wedge area in front of the blade.
At the present time, a simulation of tasks in a variety of programs with the use of several computational methods is gaining prominence. However, for investigating particulate materials and mixing elements, the DEM method remains the most used throughout the world. In 1997, Y. Muguruma, T. Tanaka, S. Kawatake and Y. Tsuji [9] experimentally studied the three-dimensional motion of particles in a rotation mixer with two baffles at different degrees of filling of the mixing chamber. They then simulated the experiments with the DEM method. They found out that the mixing curve, which coordinates the level of premixing and time through the DEM method, was in an accordance with the foregoing experiments. The result was the emergence of two distinct stages on the mixing curve.
M. S. Siraj, S. Radl, B. J. Glasser and J. G. Khinast in their work [10] , point out the influence of turning the blade travelling through the particulate material by the DEM method. The mixing equipment was made up of a prism-shaped static chamber with a moving blade with a variable slope. As the modelling material, glass balls of different diameters were used. The authors performed the simulation for several angles of turning the blade and for different particle size ratios. They expected that, to a certain degree, some particles in the bulk layers would show a tendency to rise to the top and others fall to the bottom, which represents segregation. If the larger particles rose to the top layer, they tended to remain there at the beginning of the experiment. With further simulations, they registered a significant influence from the material friction on the chamber walls. A large difference in the mixing of the particulate material was mainly visible with smaller angles of the blade slope (60
• , 90
• ), while at an angle 140
• , there was no significant change between the simulation that included wall friction and that which did not. In their simulations, they also tried to identify the normal and the tangential forces acting between the particles. The experiment showed that the extent of the normal and tangential forces was indirectly proportional to the slope angle of the blade, such that the higher forces were for the slope angles of the blade less than 90
• and the lower forces were for the slope angles above 90
• . In their work, G. R. Chandratilleke, A. B. Yu and J. Bridgwater attempted [11] to verify, with the use of the DEM method, the studies of D. F. Bagster and J. Bridgwater. On the basis of the dimensional analysis of the horizontal force acting on a blade during the mixing of a particulate material, they searched for the influence of dimensionless parameters on the mixing process described in (1) . The results of the usage of DEM simulations were fundamental studies on the understanding of the behaviour of round particles during the mixing with a flat blade. The effect of the slope of the head of the blade as well as the blade speed of mixing was studied. They discovered that the slope of the head of the blade has a real influence on the shape and the height of the pile of the material in front of the mixing blade. With a slanted blade head, a high heap in the front of the blade was formed, where a static zone was also created. In the investigation of the turning of the blade head to 135
• , they came to the conclusion that such a rotation significantly reduces the duration and height of the pile in front of the blade and that it is more suitable for mixing round particles. Horizontal forces acting on the blade were strongly affected by the blade head angle and were lessened by the increase of this slope. Due to the simulation, the authors showed that, with a constant blade head slope and with a constant depth of immersion, the horizontal force is not dependent on the blade speed during mixing. In the conclusion of their work, they tried to define the speed fields during the mixing and to apply them to the convective style of mixing, which would significantly reduce the calculation time.
The authors S. Radl, D. Brandl, H. Haimburg, B. J. Glasser and J. G. Khinast added this to their research work [12] , in which they attempted to compare the flow of the fluid of the bulk material on the basis of computer simulations and simple experiments of the movement of the investigated material. For the fluid flow, they used the dimensionless Froud number and applied this number for the flow of the particulate material, by which they divided the moving bulk material into several areas simply according to the value of the Froud number. The authors came to the conclusion that the behaviour of the grained material can be described by the Froud number in analogy with the fluids. They found out that a recirculation zone is located in front of the blade and that this zone disappears when the critical value of the Froud number 0.5 is exceeded. The difference between the area beyond the blade in the mixing of particulate materials and fluids is caused by the rheology of granular materials. Furthermore, they came to the conclusion that if the mixing chamber is fuller, it leads to a significant change in the speed profile of the material before and after the moving blade, and that the recirculation zone disappears. The influence of the distance of the blade from the bottom of the vessel on the speed profiles was also significant, while a change in the slope angle of the blade did not have a significant effect on the speed of the particles in the upper part of the batch.
Energy aspect of the mixing process
The energy aspect of the mixing process can be derived from the theory of a stress balance of a particle material and the theory of Mohr's circle. The Novosad model (Figure 1 ), which theoretically allows an approximate calculation of the force acting on the blade during mixing, also comes out of these theories. This model takes into consideration the effect of the mechanical-physical properties of the particulate material. The calculation of the horizontal element of the force comes out of relation (3) for the calculation of the normal element of the burdening acting on the front side of the blade during a low blade immersion (z/B ≤ 1), where z is the distance from the surface of the material to the lower edge of the blade and B is the height of the blade) with consideration of the effect of the weight of the particulate material:
where
The calculation of the normal el ment of the burdening acting on the front side of the blade during a medium blade immersion (z/B > 1) with consideration of the effect of the weight of the particulate material comes out of the following relation:
For non-cohesive particulate materials, relations (3) and (10) also apply, substituting zero cohesion σ C = 0 Pa and σ CS = 0 Pa, in order to the pressure in the particulate material to safely rise over the value of the limit load, it is necessary to include in the calculation the safety factor k in the calculation. In the case of a non-cohesive particulate material, k = 1.5. The vol.
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Particulate material Granulated polyethylene
Diameter of particle* 3.4 mm Mass of particle 2. 
The values of the horizontal force components acting on the blade found in this way are the average force values acting on the whole blade area.
Experimental part
Experimental measures were performed on an experimental measuring station made up of a static chamber, a frame, the drive, the measuring element and a mixing blade. The mixing chamber includes a glass side wall for a visual control of events during the mixing. The mobile measuring element is equipped with two force sensors to record the total horizontal and vertical components of the force. Granulated polyethylene was used for the experiment. The properties of granulated polyethylene are shown in Table 1 . All the properties were measured by standard procedures [14, 15] .
A set of measurements was performed for several blade immersion depths and different motion speeds of homogenizer blade motion.
Simulation of DEM method process
The DEM is a numerical method for the calculation of the pressure and shifting of the individual elements in a volume that contains a large amount of particles. A granular material is modelled as a set of solid particles and the interactions between the individual particles. The program used for the modelling of this task was EDEM Academic™ from the DEM Solution UK Company. The goal of the experimental simulation was to look at the fields of particles in front of a moving mixing element and to establish the average force acting on the blade due to the movement of the particulate material layer. The calculation method was Herz-Mindlin with RVD Rolling Friction. Round particles with the properties of the experimental material were used for the simulations. For simplification of the simulation, the width of the chamber was reduced, but it was considered as if the interaction between the particles had actually occurred in contact with the walls. The properties of the materials and their interactions are shown in Tables 1 and 2 . The simulations were performed for 4 blade immersions at a speed of 0.2 m s −1 . In Figures 4, 5, 6 and 7, a cross-section of the mixing chamber for the investigated blade immersion depths with marking of the individual layers of the particulate material can be seen [17] . Graphic behaviours of the particle movement before and after the mixing element for the investigation of the blade immersion depth are shown in Figures 8, 9 , 10 and 11.
Model material Poisson's ratio Solids density Shear modulus
Steel (mixing chamber) 0.3 7800 kg m Table 2 . Properties of the materials and their interactions entered in the program EDEM Academic™ vol.
no. / The Use of DEM Simulation vol.
no. / The Use of DEM Simulation Figure 12 . Dependency of horizontal force on dimensionless blade immersion.
Results

Influence of blade speed on horizontal force
From the measured data, it follows that the force by which the particulate material acts on the moving blade at a given speed depends only slightly on its value for all blade immersions. This assumption was confirmed experimentally by Š. Gužela in the work [18] and K. Kravárik in the work [8] where they stated that this influence is also more expressive for speeds higher than the speed of the blade. The dependency of the horizontal force on the blade immersion for the investigated speeds is shown in Figure 12 .
Influence on depth of blade immersion on horizontal force
From the measured data, it follows that the force by which the particulate material acts on the moving blade at a given speed depends, to a significant degree, on the immersion of the blade in the batch of the particulate material. A graphic illustration of the dependency of the horizontal force acting on the blade during the mixing on the speed for the given immersion in a batch is shown in Figure 13 . From the experiments, it is clear that the depth of the blade immersion is a significant parameter affecting the size of the horizontal force acting on the blade. With the increasing depth, this force component increases.
Comparison of resulting horizontal force acting on a blade
The comparison of the resulting horizontal force acting on a blade for individual blade immersion depths during mixing at blade speed 0.2 m s −1 is shown in Figure 14 . The calculated value of the horizontal force according to the Novosad model was experimentally measured on a HBM U9B sensor. The reworked measured values were also compared on ceramic membrane pressure sensors, with this procedure carried out according to [19] and stated in [13] . 
Conclusion
The experiments performed on the mixing of particulate materials confirmed that the behaviour of a material during the mixing is in conformity with the theoretical knowledge and simulations by the DEM method in the EDEM Academic™ program. The horizontal force acting on a homogenizer blade was used for the comparison of theoretical calculations, experimental measurements and simulation. The measured values of the horizontal force were in excellent conformity with the theory and these experiments can be considered successful, as Figure 14 shows.
The DEM simulations performed for the support of the theoretical knowledge and experimental measures demonstrated the contemporary trend of using calculation models, while the DEM method for monitoring the movement of individual particles showed to be suitable. Through the use of this method, it was possible to observe the movement and behaviour of the particles in front of and behind the mixing element over time, as it is presented in Figures 8, 9 , 10 and 11. For confirming the accuracy of the move- ment of the individual particles in simulations, images were also created by photographic methods that compared the movement of the particles in front of and behind the mixing element. A comparison of particle movement in the DEM method and in experiments at z/B = 1.0 and blade movement speed 0.2 m s −1 is shown in Figure 15 . 
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